Background
Results
All patient-reported outcomes improved following total joint arthroplasty, but the associations between symptom scales and global health perceptions were altered. Mental health scores at a given level of pain or function were lower after surgery than before, by about 4-5 points, a clinically meaningful and statistically significant difference. In contrast, the associations between WOMAC scales and the PCS remained stable. These findings were observed in both cohorts of patients.
Conclusions
After total joint arthroplasty, mental health scores were lower than would have been expected given the symptomatic improvement. This suggests that relationships between patient-reported outcomes are context-dependent, and that care should be exerted when interpreting changes in patient-reported outcomes over time.
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Introduction
Patient-reported outcomes (PROs) such as pain and functional ability, perceptions of physical and mental health, and quality of life in a global sense, are increasingly used to assess the impact of joint replacement surgery [1] [2] [3] [4] . PROs can be employed to guide clinical care decisions, monitor quality of care, perform between-hospital comparisons [5] , or adjust reimbursement policies [6] . PROs are often understood to be linked causally; e.g., specific symptoms such as pain or impairment determine global perceptions of health, which in turn contribute to perceived quality of life [7] . If the relationships between symptoms and more global PROs were stable, it would be easy to predict the impact of symptom relief, such as can be afforded by joint replacement surgery, on general health. However, relationships between PROs may vary with context. E.g., the same level of impairment may be perceived differently if the problem is temporary rather than permanent, if the patient develops other health issues, or if the patient reevaluates his or her priorities [8] [9] [10] . In patients with degenerative joint disease, a key contextual variable is the occurrence of joint replacement surgery. Before surgery, some patients may consider osteoarthritis symptoms as temporary and curable, and thus more tolerable. It is currently unclear if the impact of pain or functional impairment on perceived health remains stable or changes after joint replacement surgery. This issue is important for the interpretation of changes in PROs following surgery.
In this study, we examined the stability of the relationship between patients' symptoms (pain and functional impairment) and global perceptions of physical and mental health, by comparing the periods before and after hip or knee replacement surgery. We do not focus on the absolute changes in PROs brought on by surgery, but rather on the impact of surgery on the associations between PROs.
Patients and methods

Study design and sample
This prospective study used data collected by the Geneva Arthroplasty Registry [11] . The registry is based at the largest University hospital in Switzerland (Geneva University Hospitals), the only public hospital of the canton (state) of Geneva, which serves a population of about 500,000 inhabitants. The registry includes all patients treated with total arthroplasty of the hip or knee since 1996 and 1998, respectively. The registry team consists of a physician-epidemiologist, senior and junior orthopaedic surgeons, a data manager and information technology specialist, and medical secretaries. Data are entered on a daily basis retrieved from the same data sources (patient questionnaires, preoperative report from surgeon and from anesthesiologist, detailed operative report, discharge summary, standardized clinical follow-up forms). Main complications are double-checked by the data manager in charge of the hip registry. The numbers of arthroplasties performed and any main complication related to surgery are periodically verified by comparing the hospital diagnosis coding system with the registry data.
For this study we included all patients who underwent primary elective total hip arthroplasty (THA) or total knee arthroplasty (TKA) between 2010 and 2016, and who had a health status and functional outcome measurement performed pre-operatively and one year after surgery. We included one or two primary THAs or TKAs in a given patient, but excluded revision procedures. [13] . This instrument yields two summary scores: a Mental Component Score (MCS), and a Physical Component Score (PCS). All 12 items contribute to each score, but are weighed differently. Item response weights were those of the original algorithm [12] .Both scores have a mean of 50 in the general US population, and a standard deviation of 10; higher scores imply better health.
The main independent variables were the timing of the measurement (5-14 days before surgery, after 1 year) and the patients' pain and function, measured by the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 12-item questionnaire [14, 15] . This instrument yields a Pain score, and a Function score, both between 0 (worst) and 100 (best).
Descriptive variables included patient sex and age (also categorized in 4 strata), the American Society of Anesthesiologists (ASA) score [16] (a physical status classification system that reflects the presence of no (1), mild (2), moderate (3) or severe (4) systemic disease), body mass index, current smoking status, medical comorbid conditions (heart disease, high blood pressure, diabetes mellitus), a numerical scale for pain in the affected joint (between 0, no pain, and 10, worst imaginable pain), and the University of California, Los Angeles (UCLA) numerical scale for activity level (between 1, wholly inactive and dependent on others, and 10, regularly participating in impact sports) [17] .
The SF12, WOMAC, numerical scale for pain, and UCLA Activity scale were self-reported by the patient using a mailed questionnaire. The ASA score, weight, height, and smoking status were abstracted from the anesthesiologist's pre-operative assessment (whether height and weight are actual measures or patient reported is not recorded). Patient age, sex and comorbidities were abstracted from the patient's medical file.
Statistical analysis
We included all eligible patients from the Registry, without an a priori sample size determination. We compared study participants to those who were excluded due to incomplete data, and compared the characteristics of patients who underwent primary THA and TKA. We reported the means and standard deviations (SD) of the SF12 and WOMAC scores at both points in time. We kept separate the analyses of THA and TKA patients, in order to verify the generalizability of the findings.
To describe associations between each WOMAC score and each SF12 score, we obtained scatterplots for each pair of variables, overlaying baseline and follow-up measurements. To represent the associations without imposing a pre-conceived shape we obtained non-parametric regression functions (Locally weighted regression and smoothing scatterplots) [18] . As visual inspection of these functions suggested that a simple linear model was reasonable, we obtained intercepts and slopes for linear regression models of each SF12 score on each WOMAC score, at both points in time. To facilitate the interpretation of the intercepts and slopes, the WOMAC scores were centered at 50 points and divided by 10: the intercept represents the expected SF12 score for a patient with a WOMAC score of 50, and the slope represents the gain in SF12 score for a difference of 10 points on the WOMAC score. The variance in each SF12 score explained by each WOMAC score was also reported (adjusted R 2 from the linear model). We used mixed linear models to estimate the change in intercept and slope between baseline (Time = 0) and follow-up (Time = 1). To account for the lack of independence of repeated observations, we included a random factor u j for each patient j, and also a random factor v k(j) for each joint k in patients who had successive operations of both joints (knees or hips). The "joint" random factor v k(j) was nested within the "patient" random factor u j . Both random factors were used to model the intercept only, assuming that each patient (and each joint) has a given tendency to yield higher or lower SF12 scores, and that these individual tendencies are normally distributed with a mean of 0 and a variance estimated from the data. To facilitate the interpretation of the intercepts, we have centered the WOMAC scales at 50, and to magnify the slope coefficients we divided the centered scores by 10. As a result, the fixed intercepts correspond to patients with a WOMAC score of 50 (instead of 0), and the slope coefficients correspond to a difference in SF12 scores for an increment of 10 points on the WOMAC scale. E.g., for the MCS and the WOMAC Pain score, we used the following model:
The fixed coefficient b 0 is the mean intercept, u j and v k(j) are the individual and side-specific random effects, both centered at 0, and fixed coefficients b 1 , b 2 , and b 3 represemt the effects of scientific interest. Thus b 0 is the mean preoperative value of MCS projected for patients with a WOMAC Pain score of 50, b 1 is the mean change of MCS at follow-up (again for a post-operative WOMAC Pain score of 50), b 2 is the increment of MCS for 10 additional points of the WOMAC Pain score at baseline (i.e., the slope), and b 3 is the change in this slope at follow-up. If the relationship between the pain score and the mental health score remained unchanged at follow-up, the coefficients b 1 and b 3 would be null.
We also estimated intraclass correlation coefficients from the mixed linear models, as ratios of random intercept variance to the sum of random intercept variance and residual variance.
Analyses were performed using SPSS version 22 and Stata version 13.
Results
During the study period, 1969 THAs and 1834 TKAs were performed at the hospital (Fig 1) , and 990 THAs in 935 patients and 907 TKAs in 842 patients completed both questionnaires and were included in this analysis.
The differences between arthroplasties that were included in the analysis and those which were excluded due to unavailable questionnaire data were generally small, with few exceptions. In THA patients (we use the term somewhat loosely here, as the unit of observation is the THA, even when two THAs were performed in the same patient), the non-participants were on average younger (67.0 years vs 68.6, p = 0.009), more likely to smoke (24.5% vs 17.9%, p<0.001) and more likely to have an ASA score of 3 (21.0% vs 15.9%, p = 0.004); differences were small and statistically non-significant in terms of sex, body mass index, and prevalence of heart disease, diabetes, and high blood pressure. In TKA patients, the non-participants were also younger (70.5 years vs 71.5, p = 0.025), had a higher body mass index (30.3 vs 29.1, p = 0.018), were more likely to be women (69.8% vs 65.5%, p = 0.048), to smoke (14.4% vs 10.7%, p = 0.018) and to have an ASA score of 3 (24.4% vs 17.3%, p<0.001); differences were small and non-significant as to comorbid conditions. Among study participants, TKA patients were older than THA patients (mean 71.5 years (SD 9.4) vs 68.6 (11.9)), they were also more likely to be female, obese, non-smokers, and more likely to suffer from diabetes or high blood pressure (Table 1) . Pre-operative pain and activity levels were similar in the THA and TKA cohorts.
Impact of joint replacement surgery
Perceptions of mental and physical health both improved following joint replacement. Before surgery, mean MCS scores were around 45 in both patient groups, and increased by 2-3 points at one-year follow-up ( Table 2 ). The PCS scores started lower, at about 34, and increased by more than 10 points in THA patients, somewhat less in TKA patients. Both WOMAC scores increased sharply in THA patients (by about 2 standard deviations, from about 40 to 80), and again somewhat less in TKA patients. All improvements over time were statistically significant (all p<0.001).
Associations between symptoms and health
Non-parametric regression analyses showed positive associations between the WOMAC Pain and Function scores and the MCS at both points in time, in patients with THA (Fig 2 left) and TKA (Fig 3 left) . The shapes of the non-parametric regression curves indicated that a linear fit was reasonable. While the two regression curves were roughly parallel, the post-operative regression curve was situated several points below the preoperative regression curve; the post-operative deficit in MCS applied across the whole spectrum of WOMAC scores. The finding was similar for the THA and TKA patients. Thus while MCS scores increased in absolute terms after surgery (Table 2) , they decreased when adjusted for concurrent levels of pain or function (Table 3) .
For the PCS plotted as a function of the WOMAC Pain and Function scores in patients with THA (Fig 2, right) and TKA (Fig 3, right) , the pre-and post-operative regression curves were close to each other; there was no systematic shift. The post-operative curves appeared to be slightly steeper at follow-up than pre-operatively, in both patient groups.
In stratified linear regression analyses, in both patient groups, the predicted values of the MCS at 50 points of the WOMAC scores were about 5-6 points lower at follow-up than preoperatively (Table 3 , top half). The slopes, i.e., increases in MCS for 10 points of the WOMAC score, remained unchanged. The proportion of variance in MCS explained by the WOMAC scores was greater at follow-up than at baseline. In contrast, the expected value of the PCS at 50 points of either WOMAC score remained stable, at 35-36 points, in both patient groups (Table 3 , bottom half). However the slopes were somewhat steeper at follow-up than before surgery. The variance in PCS explained by the WOMAC scores also increased after surgery.
Mixed linear regression models allowed a direct test of the changes in intercepts and slopes over time, after adjustment for the absolute levels of the variables. These analyses confirmed that MCS scores adjusted for WOMAC Pain and Function scores decreased significantly at the one-year follow-up (Table 4 , upper half). The changes in slopes were not statistically significant. The inverse pattern was observed for the PCS (Table 4 , lower half): the expected values of PCS adjusted for WOMAC Pain and Function scores remained stable, but all four slopes became significantly steeper at follow-up. The patterns were similar for the two joints. The overlap of confidence intervals on the basline-follow-up differences implies that none of the differences between THA and TKA is statistically significant. The intraclass correlation coefficients of the 8 mixed linear regression models were higher for the MCS (range 0.42 to 0.49) than for the PCS (range 0.18 to 0.27).
Discussion
This prospective study showed a substantial change in the relationships between symptoms (i.e., pain and function) and patients' perceptions of mental health following total joint arthroplasty. Mental health scores were influenced to the same extent by pain and function after surgery as before (same slopes in the linear regression model), but their absolute level was lowered after surgery at a given level of pain and function (lower intercepts). For physical health, the absolute scores at mid-range values of pain and function were unchanged after surgery (same intercepts), but the associations became slightly stronger (steeper slopes). These results suggest that relationships between PROs are context-dependent, and that one should be careful when interpreting changes in PROs over time, especially if the changes are induced by surgery. Total joint arthroplasty delivered very substantial pain relief and functional improvement, and increased physical health scores by more than a standard deviation on average. The improvement was less impressive for mental health (2-3 points on MCS scale), corroborating previous reports [19] . Yet, after surgery, perceived mental health was substantially lower than would have been predicted from the improvements in pain and function, as if perceived mental health was recalibrated downward. The apparent reduction in mental health was of about a half standard deviation (5 points), which can be considered as clinically meaningful [20, 21] . On the other hand, the slope of the association, which represents the sensitivity of perceived mental health to the intensity of symptoms, remained of the same magnitude as before surgery, as did the variance of mental health explained by the WOMAC Pain or Function scales. Thus pain and function remained important determinants of mental health after surgery, only with the absolute level of perceived mental health shifted downward. In other words, higher levels of function and pain relief were required after surgery than before to achieve a given level of mental health.
We observed no such systematic shift for post-operative perceptions of physical health. For an average patient, the improvement in PCS was exactly of the amount that could be predicted from the cross-sectional association observed before surgery, as though change in pain and function fully explained the improvement in perceived physical health. Furthermore, the slope of the association and the proportion of explained variance in physical health increased somewhat after surgery. This may reflect a patient's greater focus on symptoms of osteoarthritis during postoperative rehabilitation.
The relationships beween symptom scales and measures of mental and physical health changed in a similar way for patients with both types of joint replacement, THA and TKA. This suggests that these phenomena may have general validity. It would be interesting to see if other types of interventions that have a notable impact on chronic symptoms and functional limitations (such as correction of sight or hearing, asthma medication, prosthetic limbs, or restoration of coronary flow), induce similar shifts in associations between PROs.
We can propose several possible explanations for our findings. The downward shift in MCS scores may be attributed to unfulfilled expectations. Pain and functional impairment may be less tolerable to some patients after total joint arthroplasty than before, because they may have expected better results from a surgical intervention that is often understood to be of last resort [22] . Other factors, such as a residual limp after surgery, may also have a negative psychological impact on patients [23] . Another possibility is that the surgery itself, the hospitalization and the subsequent rehabilitation were emotionally taxing, and this may have negated in part the beneficial effects of improved pain and function. Furthermore it is possible that mental health is inherently more stable than physical health, as if it reflected constant personality traits [24] , and therefore is less amenable to change. This notion is supported by our observation of higher intraclass correlation coefficients for the MCS than for the PCS.
Of note, recent studies have shown a similar phenomenon: the presence of severe pain and dysfunction decreased the global perception of health (measured on a visual analog scale between 0 and 100) more strongly after total hip [25] or knee [26] arthroplasty than before. These studies used the EuroQol EQ5D instrument, which does not separate global perceptions of mental and physical health, and therefore do not replicate our findings. They do demonstrate, however, that associations between symptoms and health perceptions can be contextdependent, specifically in patients with total joint arhtroplasty.
Finally, it is possible that the measurement properties of the instruments changed following surgery and that what we have observed are variants of information bias [8] . Previous studies have described a "recalibration" to lower values of PRO instruments following total knee arthroplasty [27, 28] , but the phenomenon was similar for symptom scales and for health status scales. In our study, we have observed changes in associations between symptom scales and health perceptions, which makes information bias less likely. In another analysis of the same patient cohorts, we observed that the self-rated health item remained completely unchanged after total joint arthroplasty [10] , which provides further evidence that the measurement properties of psychometric instruments vary with context.
A strong feature of our study is the inclusion of large unselected cohorts of patients, which yields precise estimates and grants real world relevance to our results. As the same patients were assessed at baseline and at follow-up, confounding by stable patient characteristics cannot explain the observed changes.
The main limitation of our study is the lack of a clear mechanistic explanation for the observed results, which cannot be inferred from observed data. Qualitative interviews with patients before and after joint replacement surgery may improve our understanding of the contextual determinants of patients' reports, and of the mechanisms that caused the observed changes in relationships between psychometric PRO scales. Nevertheless, the consistency of the findings in two cohorts of patients indicates that the phenomena are real. Another limitation is that we were unable to include in this analysis all possible determinants of the MCS and PCS, such as psychiatric and somatic comorbidities. However, to the extent that such determinants remain stable over the 1-year period, they would not have influenced the comparison of pre-operative and post-operative associations between WOMAC scores and SF12 scores. Finally, the study participants represented about one half of all eligible patients, mostly due to failure to return the self-report questionnaires. Study participants were somewhat older but healthier than the non-participants. However, we believe that it is unlikely that this selection process would have modified the patterns of association between health status and symptom scales, which is the main theme of this analysis.
Our results may not influence clinical decisions for individual patients, but they are relevant for the measurement of PROs as indicators of the quality of care provided by surgeons or hospitals. Clinical outcomes were not influenced in the same way even by a highly effective intervention, and their relationships were context-dependent. This suggests that measurement of multiple PROs, some disease-specific and others generic, is to be preferred in order to capture the complexity of each patient's experience. Our results also illustrate a novel manifestation of response shift, one that affects relationships between PROs.
Conclusions
We found that perceptions of mental health were lower after total joint arthroplasty of the hip and knee than may have been expected based on symptom relief, whereas the perceptions of physical health were as predicted by symptom relief. The reasons for these phenomena should be explored, in order to facilitate the interpretation of post-intervention PRO scores.
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